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Abstract'

Time-dependent vertical distributions of atmospheric
temperature and static stablllty were determined by a
radiative~convective-conductive heat transfer model attuned
to Mariner 9 IRIS radiance data. Of particular interest
were conditions of both the dust~laden and dust-free atmos-
phere in the middle 1at1tudes on Mars durlng the late S.H.
summer season.

The numerical model simulates at high. spatial and
temporal resolution (52 atmosPherlc and 30 subsurface levels;
with a time-step of 7.5 min.) the heat transports in the
ground-atmosphere system. The algorithm is based on the
solution of the appropriate heating rate equation which in-
cludes radiative, molecular-conductive and convective heat
transfer terms. Ground and atmosphere are coupled by an
internal thermal boundary condition.

The attunement of the model to the measured IRIS
radiance data was achieved by modulating the temperature
sounding input until the running mean square of the relative
difference between the measured and simulated values was
less than .0% (window 200 em~1l). Refined spectroscopic data
for CO, absorption improved the quantitative representation
of the interaction between the gaseous constituent -and the
radiative quanta in transfer. A multiphase simulation of
the impact of dust on the thermal structure was undertaken.

It was found.that high spatial- and temporal-resolution
temperature soundings, generated by the attuned model, serve
+o5 adjust the IRIS inverted temperature data ln the presence
nf dust. _ ,

Yoy Words (Suggested by Author)

-Martian Atmosphere
" ~-Dust-laden Atmosphere
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: By incorporating a convective heat transport sub-
routine into the existing model of radiative-conductive
transfer of thermal energy within the soil and dust-
laden atmospheric subsystems, an investigative tool of
simulation became available to be attuned to the.
measured IRIS signals of Mariner 9. The "AFCRL Atmos—
pheric Absorption Line Parameters Compilation” afforded
this project improved spectroscopie data for carbon
dioxide. More than 9,900 individual CO absorption
lines were taken up by a particular quasi-random trans-
mission funetion.

The'fadiative—conductiveﬁconvective,heat transfer
model, attuned to IRIS output signals, generated tempera-
ture soundings which were successfully utilized to re-
interpret inverted IRIS soundings. The author wishes to
express his gratitude to Drs. R. A. Hanel and J. C. Pearl
of Goddard Space Flight Center for generously releasing
Mariner 9 IRIS data, to Dr. R. A, MceClatchey of AFCRL
Optical Physies Laboratories for making a whole tape of
absorption line data available, and to Dr. John Shaw of
Ohio State University for fruitful discussion. Special
thanks are due to Mr. Eric Bram who carried out the
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1.0 INTRODUCTION; OBJECTIVES OF REPORT

‘A global~scale dust storm in the Hértian atmoéphere_
during the first phase of the Mariner Qkorbital'mission
precluded a direct appllcatlon of the partigular integral.
inversion technique developed for the IRIS;experiment
(Hanel et alii, 1972). The extent of the impact of the
opaque dust lajer on the IRIS radiance spectra and‘on the
resultant distortions of the inverted déta is not yet
fully understood. Especially the thermal strafification '
.of the lowest 6 km is open to further invéstigation. |

Existing iRIS measurements directly lend themselves
to additional analysis which utlllzes a radiative~conductive-
.convectlve transfer model. " This model 1nc1udes a partlcular
algorithm to account for the effects.of dgst on the femperé-
tﬁre structure in the vertical. The basic details of the
model are described in recent publlcatlons (Pallmann and
Dannevzk 1972, Pallmann and Frlsella, 19723 and Pallmann
et alii, 1973). |

The basic obﬁective of this study is to submit the
Mariner 9 IRIS radiance signals andlinverted temperature
soundings to a reinterpretationlusing the aforémentioned com-
puter model in'a-highly time-sensitive moae to simulate
the impact of the o?aque dust layer onrthe atmospheric_tem—
perature soundings. The reinterpretation is performed on

a greatly enhanced data base provided by a computer model
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which establishesra high fesolution fime—continﬁity betweén
discrete IRIS measurements. The spatial resolving poﬁer.is
particularly fine in the lowest atmoéphefic layers §rof
viding 11 data points over the first 6 km of elevationQ

A second objéctive is to gain further insight into the
interaction between afmospheriC'polydispersions and 
radiative transfer processes which can then be applied to
other atmospheric systems iﬁ-ﬁhidh simiiar cdnditions |

occur, é.g.5 polluted urban boundary layer.
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COMPUTATIONAL MODEL OF MARTTIAN GROUND-ATMOSPHERE SYSTEM

2.1 DESCRIPTION OF MODEL

The details of a rédiative-conductive heat transfer
model have been described by Pallmann et alii (1973);
Some of the basié characteristics of this model are that
it assumes a pure carbbn dioxide atﬁoéphere‘of'so km'
depth, in local thermodynamic equilibrium (LTE}, and

exhibits plane-parallel stratification. The impact of“

 suspended dust particulates on gaseous absorption is

taken into account. Doppler broadening is considered
negligible as well as the effects of molecular scatter-
ing. | |

The lower solid surface of the model atmosphere is
taken to be a flat, uniform sand-like méterial. The  
surface diffusely reflects solar radiation iﬁ éccbrdancg

with a radiometric albedo, and emits as a gray body.

' The ground-atmosphére interface temperature and the

thermal structure below the surface are determined as a
function of time. |
The poverning relations are‘the appropriate heating

rate equations for atmosphere and subsurface system, as

presented in the aforementioned publication. The

spectral radiative net flux for the case of LTE includes
long-wave upward and downward flux integrals, ground

emiszsion and a sclar flux integral. All of these terms
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incorborate attenuation funéfions. ‘Thé requirement of
' confihuitykof heat flux at-ﬁha:ground sﬁrfacé‘takes thé‘ 
form of a balance equation fgf all heat transports:f'
through long~- and shortnwave'Padiation,fsqil cdnducfion;
and atmospheric conduction. {For cénveétipn Seé:. |
Sednl2.21e) The additional boundary and initial con- -
ditions are standard. | | |

The numérical,algorithmuincludes a quasimrandom'
transmission function after-Gdody {196u);' Particular
provisions are made for weak¥land sffong—liﬁe absorption, -
~and a heteorogeneous pressure and.témpéfature strati-
fication. For details.on the finite difference form of
the governing equations the .reader ié‘réferred fo the 

aforementioned paper.:

2.2 EXPANSION OF MODEL

Former simulations by the radlatlve—conduct:vp
model clearly showed the presence of a steep superadlawlA‘
batlc stratlflcatlon in the lowest atmosPherlc layers
durlng the hours from mid-morning to earliy afternoon.
Scme of the results of this e&rlierksimulation effoff‘
have been reported by Dannevik and Pallmann (1974).¥ 0Of
particular interest is the development of a free-
atmospherlc convective layer at the top of the dust
1ayer if the dust concentration between 30 and 40 km is

v=]

ti11 relativ 1; high dropping off beyond this altitude.

* See Appendix.
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It was concluded that a particular subroutine for
convective heat tfansport had to be incorporeted into

the computerlmodel. Furthermore, it appeared beneficial

to overhaul the whole computer program with the objective

of gaining a higher degree of efficiency.

2.21 INCLUSION OF CONVECTIVE HEAT TRANSTER

In order fo model such convective overfurns_aﬁ addi-
tional subroutine for the program was developede fThe‘
principle of enthalpy conservation was aeopted as the
basis for convective heat transport; B

The subroutine was written in such a way that fhe'
'computer accepted the strlctly radlatlve conductive
temperature dlstrlbutlon as a flrst guess. VWhenever e
superadiabatic stratification was found in a given layer
the convective adjustment reﬁistributed the'enthalpy of
the respective layer by establiehing theeadiabatic lapse
rate. The governing relationship is the Poisson equatioﬁ'
which relates temperature, pressure and potential
temperature. | _

At the ground-atmosphere interface; heat is also
convectively transferred into the "air" due to solar oﬁer—
heetingeof the sand surface. We followed elparticular
Vapproach developed by Kreichnan (1959). He derived an

explicit formula for the convective heat flux into the
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surface boundary layer (constant flux.layer). We have
adapted this equation to the specific condition on Mars

and arrived at the expression

(1) r+ = [s.005287 (TMARS - TCTL). |
TMARS 5 1/ 3] #RHO ®CP
TCTL . - o
with N

F*: convective heat flux off the ground.
TMARS: surface temperature at the'beginning of

- primary step.

+

:{Téfi; temperature at 12.5 m at theibéginning of
e primary step. | - | | |
RHO: density at 12.5 m.
CP: specific heat‘aaéonétant pressure of

"1 OK-I) .

co, (8.2 x 10° ergs g

2

If for a given computational time steprTMARS_turns 
out to be greatef than (TCT1), fhg program‘will'calﬁulatef--
.thek"pumping" of convective heat F* due to equation (1).-

It proceeds to determine a new temperature value at 12.5 m
by applying a forward time step..

This particular procedure involves a searching tech-
nique stafting from the top of the atmosphere dowhward.f'
The computer is asked to find_the.first position (if there
is 6ne) for which the temperatufe laﬁse rate is greatér
than the adiabatic rate and céfrect for it by applying the

enthalpy conservation principle. The corrective search
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is continued downward to and inciuding the leﬁgl af.the.
top of the constant flux layer.

Thus, for a given forward time étep é final tempefa~‘
ture profile results‘which is nowherg steepér than thg
adiabatic lapse vate. The same procedure is épplicablg'
to the time period for which convective overturn declines
and ceases tc exist. Frequently, this happens in the

later afternoon.

2.22 IHPROVEﬂENT OF SPECTROSCOPIC RESPONSE OF MODEL =~

Under the condiﬁions of low'surface pressure and
highCO2 abundance, weék absorption bands are_considerably
enhanced (Drayson, 1972). This behavior is of Specialtrﬂ
.importance for remote souhdin%.' Special care must be
taken in the spectral regions coﬁtaining anrénches., Inr
addition, the atmospheric temperatures on Mars are lower
such that the temperature dependeﬁce Qf the Lorentz
half-width becomes more important. For the.intefmediate'
IR, -the integrated line intensity isudepéndent on tempera-
ture. Very low temperatures reduce the line intensity
drastically.  {See for example Pallmann;'igﬁa).

These various aspects demonstrate the nega for a
refined spectral resolution in the calcuiatiOn of fhe trans- .
mission function. Several researchers Suggestedlspectral
increments between 5 and 20 cﬁ_l depénding on the par-

ticular wave-number range. An additional factor is given
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by the kind of transmiséion function someone chooses to
use. Our)model incorporates a quasi-random transmittance.
Thus, we assume that the lines are pléced at fandom_witﬁ
respect to wave-number implying a Poissoﬁ aistribution of
the spacing between lines. |

Therefore, we have chosen askincrement of 5 cm_l
for the computation at 50 km of spectral and integrated
‘upward flux within the spectral interval (200 - 2,000)
em™ L. | |

The refined incfemeﬁt of 5 em™t fequires a compilation’
of atmbspheric o, absorption linE'paraheters offering a$
many weak lines as possible and a better quality of the.
data. (Dr. J. Shaw of Ohio State University suggested that:

I acquire a magnetic tape copy of the AFCRL compilation of

1973).



_9-

3.0 REFINED ATMOSPHERIC ABSORPTION LINE PARAMETERS

FOR 002

Several years ago, the Optical‘Physics Laboratory .
of AFCRL initiated a program of compiling sPectréscbpic
data on individual vibration—fotatiqn lines of various
polyatomic molecules with significancé in the-atmospheref
This compilation was published in 1973.by McClatchey et
alii. It includes data on mbre than 9,060 lines for
Co,. Ve obtained'a copy of the data tape and extracted

2

the CO, absorption line parameters such as integrated

2
line intensity, Lorentz half-width, eﬁergy of the lower
state, rotation and Qibration.ideﬁtification, date énd
isotope against wave-number. The description of tﬁe com-
pilati;n assisted us in adjusting somejdetails of the
computer model, which led to improved calculations of the
transmission function (See Sect. 2.22)., The model’ com-
putgtions which generafed spectral upward.fiux at the top
of fhe atmosphere and, through the solution of the'heating

rate equation, temperature soundings, are considered a

better quality product than was previously attainable.
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-ATTUNEMENT OF MODEL TO IRIS RADIANCE SIGNALS

4.1 BASIC ASPECTS RELATING TO ATTUNBMENT

In general terms, the method of data analy31s

: will con51st of correlatlng and examlnlng for

con31stency the Mariner 9 IRIS smoothed radlance

measurements, derlved 1nverted temperature soundlngS'

and the sPectral flux and temperature dlstrlbutlon

outputs of the radlatlve—conduct1ve—conve;t1ve

" simulation model developed for both.dust-laden and

- dust-free atmospheric conditions'dn,Mars{_ The

model simulates several of the essential physical

mechanisms at work in the Martian lower atmosphere.’

The time evolution of these mechanisms requires a -

‘_refined temporal-resolution for the model’oﬁtput"

data 1n order to- render a more reallstlc 't:lme»j

dependent fine- structure of the temperature stratl—f.

_ flcatlon espec1a11y in the lowest 6 km

Some ev1dence was presented by Pallmann and
Frisella (1972) and Pallmann et alii (1973) that
an 1nverted IRIS sounding of the S H. polar reglonk
during late summer becomes drastlcally modlfled
over a period of one to two days. 'Thls is in-—
terpreted to indicate that ﬁon-nﬁgiigible‘distorw
tions have been introduced iﬁto the:inverted daté'

bv the presence of dust.



-11-

The lengfh of the computational time‘sfepltufns
out to be very critical. Affer;some.optimization
‘étudy,'it_wés decided to take 7.5 minutes except for
the period when éonvéctive overturn ceaées in thé‘
éfterhoon. Fdr this condition, the time step was re-
duced to 3 minutes. | | ‘.. | |

The optimized time sfep assﬁreé a-balanced
diurnal cycle of the atmospheric response to the'SQIar.'
forcing cycle. If for a given instance, namely the
moment the IRIS spectrometer generétes a scan.over-a 
particular target area, the simulation becomes attuned
to the smoothed IRIS signal function, the‘conéistenéy
carries over into the balanced cyéle of time evolutidﬁ.

In this context, some consideration must be-giVen_
to tﬁe need for a refined spectroscopic take up with-
in the model (sub-sect.iufll), the-iargest.possiblel
. width of tﬁe specfroscopic range (sub-sect. 4.12), and
%the interactions within thé master-loop of the program
. performing the dual integration over the wave-number
and depth rahges (sub-sect. 4.13), in_the sub-sect.
4,14, some‘methodological advantage is diécussed in
providing for the outputs a distinétion.betwéen the
components of grbund'and atmosPhericrﬁpward fluxl‘

leaving the top of the atmosphere.’
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4,11 REFINED SPECTROSCOPIC STRUCTURE |

A refined spectroscopic information must be utilized
in order to do a realistic modeling of radiativetransfer;
With this need in mind, a computational programming was
undertaken which tried to optimize between 2 opposingrfe—
'quirements; On the one hand, the higher the:spectral reso-
lution is, ﬁritten ihto the program, the more intractable;-
the numerical computation becomes. On.the other hand, a-
simplified 3pectroscopic representatibﬁ, althéugh'sﬁiftly'
to handle computationally, removes foo mﬁch nécessary
detail. o

For our particular simulation of the radiative-
conductive-convective heat transfer and the resulting 
heating/cooling rates, it was decided to.adopt‘forAthe paf-
ticular "FLUXOUT" program a spectral increment of Slcm+1.
It is thought that the increment.is compétibléIWith the -
spectral resolution of 2.4 cm-l of fhe IﬁIS~instrument.i

Concerning the compiex time-depeﬁdeﬁt éimuiation
whiéh advances: with time steps between 3 and 7.5 minuteé'
and includes solar radiation as‘weli as long—wave‘radiatibﬁ,
the sigé of the spectral increment varieé betweén 20 and
50. cm™ ) in accordance with the fluctuations in numerical ‘
value of the spectral parameters.. The quasifrandom.

characteristic of the transmission function was maintained.-
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4,12 WIDTH QOF SPECTROSCOFIC RANGE

The total heat transfer,simulétion.performs a full

numerical integration over the waveénumber,rangéﬂfrom

200 to about 35,000 cmul. ‘Some subfanges are grpuped'in .

which there are only residual intensitiés'either_for

solar or

planetary radiation.

The particular program'"FLUXOUT",which attempts to

reproduce smoothed IRIS radiance signals from a given

temperature sounding input, covers the wave-number range -

from 200

to 2,000 cm-l in 360 incremental'stepé.

4.13 INTERACTIONS IN MASTERLOOP

The masterloop of the radiativé transfer simulation

consists

‘the cycles fhrough_the far iR co

of

2 and gray, dust

. absorption band segments,

the computation of the 1ayerlsdurce functiohs
and transmission functions combined with fhe gray
dust absorptionrfunction for 51 1ayers;

the controlling loop applying a produét;method  ‘

which relates the respecfive Soﬁrce iayer _

~emission and subsequent attenuations through‘.'

the intervening layers to the 52 reference

ievels.'
the insertion of a fractional‘reflection'of
the far IR downward flux components at the

lowest reference level (ground surface),
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— The computation of-fhe ground_fiux com-.
ponents received at each level cw:'i_gina.“ting7=
from the surface in the far IR band of |
CO2 and dust, for each 5pectra1 segmeht and
each reference level. .

— +the collection of ground originafing q?-
ward flux and'éontributiﬁns toftotal upwafd
flux at each feference levgl,:fbr‘the giVen - 
band segment, |

— the computatioﬁ of beam traﬁsmiséion func-
tions and dust function for eéch intervél.
between top of atmosphere_énd su¢ée$sivé
reference‘levels'byibroducts, andrfiﬁally

— the computation of éolarAf;ux cqntributiohs
at each reference level dﬁé fo direct ahd
ground-reflected insolation for each bénd

2 énd dust;: :

segment in near IR bands of CO
There are various inner loops feeding‘back intb‘the-
masterloop at different stages. This structure secufes
the appropriate interaction between thé-spectral, fhe
source layer, and reference level domains for solar.énd
planetéry » upward and downward radiative fluxes. Thé
analytics to these computational pfocesses have been

presented elsewhere {(Pallmann, 1968{ Pallmann et alii,.

1973).
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4,14 DISTINCTION BETWEEN COMPONENTS OF GROUND AND
ATMOSPHERIC UéWARD FLUX
The attunement of the complete heat transfer model
and the separate "FLUXOUT" program is facilitated
through numerical information on tﬁe sepaﬁaﬁe upward
flux components, at the top, for far IR radiation origi-
nating at the grbuﬁd, subsequently attenuafed by‘the‘
intervening atmosphére,Vand.atmosphere originating
radiation. Aé a matter of fact, this distinctioﬁ between
the two components proves to be an excellent simulétion-
‘tool which afforded us firmer grounds fo base our
sequential decisions on as regards to which parameters -
to vary in the;simuiation séduencé and by how much.
More specifically, fhe separate outputs showed how much
ground emission is finally coming through the fop of
the atmosphere as a function of wave-number. The
-a#mospheric component withlits spectral dependence ovér
'tﬁe whole range elucidates the contributions of CO2 and
- gray dust from-within thelsand segmenté td“fhe-t6tal
upward flux at the top. o a l' -
4.2 DUST-FREE CASE
'The Staff of G.S.F.C. (1973) developed.a mean'radiance‘
spectrum for the interval froﬁ 200 to 2,000 cm—l aﬁeragediovef.

1,842 individual spectra from the RDR records with surface



~16-

temperature in the 260-280 K raﬁge, and for revolutions
later than 100 (3 January 1972). . Early timing runs
with our "FLUXOUT" program and several temperature
sounding inputs apbeared promiéing. Features such as
residﬁal water vapor ﬁanés in the 200-500 and 1,400~ |
1,800 em™ L regions or silicate sand surface emissions -
from 900 to 1,200 em™t are not reproduéed for the ob--
vious feason that they were not pfogrammed-into the simu-
lation. However, weaker 002 bands near 961 and l,Osuiém_l
appear as weilfas the strong COé absorption between 500
and 830 cmfl. Since therfine structure within the CO, -
absorption band about 667 cm”l was réproduced well,‘it‘
was inferred that the model. has a sufficient-simulation-
capability. By feeding the'inverted-IRIS"temperatﬁre 
sounding into the "FLUXOUT" program, one would reproduce
the smoothed IRIS radianée&signal function within about -
* 10% for any running 200 ém—;-segment mean. . The inte-
grated deviation amounted to less than E%JJ

\ The curve of the spectral upwafd fiux.outside the
limits of the 667 em ‘-centered COé band may be approxi;
mated by Planck's law (Condon and Odishaw, 1958) ex-

pressing the black body flux as a function of wave-number

and temperature:
: 2.h n.302
(2) F(n;T)dn = 22222 =

-~  du
(ehfn'c,kT—l)

.. . T -1 - . » -
Wwith n: wave-number Lcna J and the remaining designations

being standard.
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A simple conversion of (2) leads to
15

eu -1

(3) F(n;T)dn = €T." [ .du with u = S,

The fractional factor in brackets is plotted in Fig. 1;
The integral of the plotted funétion over thé.range oéw1<od
is equal to unity. Equation (3) clearly demonstrates that
the black body spectral flux depends on absolﬁte‘temperature'
to the fourth power.

In order to indicate the influence of tﬁe fracfional
factbr, pldttéd in the figure; the numerical value of thé

L and T = 250K as 2.88.

variable u is given for n = 500 cm”
The plotted curve has its maximum at u = é.BU.. It is in-
ferred that equation (3) yieléé'an‘approximation for the
brightnessjtemperature mostly of the ground-surface at‘this

particular wave number (see sect. 4.1HW).

%.3 DUST-LADEN CASE

:lThe method of attunement for the dust-laden case
basiéallylufilizes the same model of radiative-conductive-
convective heat transfér as before under dust-free con-
ditions except that a dust extinction algorith@.iéfiﬁ%
corporated. Effective dust extinctidn éoefficieptsiare
adopted which directly model the radiative absorption
capability of-thé spectrally gray dust particulafes.  The 
increase of the radiation mean free patﬁ'(Zel'dovich'é
Raizer, 1967) by Mie-type scattering is indirectly simulated

through varying the numerical value.
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The dependence on altitude of the dust-concentration
and the‘related variafion of the dust extinction with
height is built into the dust algorithm‘by the adoption of
several vertieal profile fﬁnctions. The two basic analytical

forms read és follows:

(1) EP(I) = EP(52).exp (-A.Zz(I)}
and - _ - .
(5) EPCI)} = EP(52). exp( G.UGSS[l-exp {ztz)'/lo,gougj.

S’(I)/Pcszj

‘They represent height-dependent dust extinction co~
efficients in (cm-l). The variables 2, I, g describe height
in (m), reference level from the top on down through the "

"aJ. The -

range 1% I < 52, and atmospheric density in (g.cm
simulation parameters A and EP(52) are chosen to adjust the
profile to what became known of the 1971 dust stdrm from
other Mariner 9 énd ground—based observations‘(See Pang et
alii, 1973; Hunt et alii, 1973).- In:addition, Giefasch.and
Goody (1972) presented an estimate concerning the éffect of
dust on the temperature of the Martian atmosphere. This
estimate of a 10% absorption by dust is utilized as a |
,critérion for guidance in the simulation procedure. Print-
outs and plots‘of atmospheric transparenéy with reSpeét to
ground emission withiﬁ‘the interval 200-2,000 em™t leﬁd‘
themselves to immediate interpretation.. | |
| The range of numerical values for EP(SQ).is from

7 -7 -1

0.5 x 107" to 5.0 x 100 em *, with the total thickness of
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the dust layer varying between 30 andruﬁ km. The parameter
A holds either 1.11 x 10~ or 4.0 x 10~ m~ 2. The dust.
transmittance is conventionally described by an exponential =
- decline controlled.by the optical thicknésé.('The_profile
for the dust extinction coefficient as stated in equation-
(5) is the same as that discussed by Conrath'(1974) if one
inserts for the effective "top" of'the dﬁét layer 30 km and
for the Dressuré scale height 10.9 km. -

g Heurlstlc simulation runs indicate that for these par?
tlcular values a profile shape results whlch may more easily
be descrlbed by a Zz-functlon. Furthermore the delayed
reductlon of the dust coefficient in the v1c1n1ty of the
surface appPOleateS the effect of convectlve mixing on the
vertical di;tribution of dust. The time—dependent*radiative-
convective heat transfer model generates buoyaﬁt convection
in the lowest 5,000-7,000 m also 1f dust is present. |

Flnally, a summary of the ‘simulative. attunement is glven.
Flrst the radiative- conduct1ve~convect1ve model generates,-
after completlon of a balanced dlurnal eycle, a temperature
proflle for the partlcular hour. of the IRIS scan. ' This pr0- 
file is used as an input in the "FLUXOUT" program whlch |
81mulat§§'spegtral'upward fluxesrin the interval-ZOO—?,DOD_émfl,‘
chécked at the "top” of the afmospheres Then'a compufafidnal
comparison is made between the IRIS radiance data and. the

simulated flux values.
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Subsequently, a closer fit is generated by a variational
simulation with respect to temperature input énd'dust .
extlnctlon functlon " By 1ncorporat1ng a T- proflle modlfler,
the program lowers temperatures below 15 km or 25 km whlle
;ncrea51ng them.above. This procedure readlly demonstrates
the control which the thermal fields §f thé'léwér and upper -
atmospheric layers,havé as regards to the upward flux at the
top. After repeating this procedure with different dust ana
teﬁperature profiles, the attﬁnement of thé computer model
is considered approximaté. It is inferﬁed'that'among dll
pairs of dust- and T-profiles, used in the procedure, that
pair is optimal which complies wifh'most of the criteria
controlling the simulation.” In conclusion, the best-fit.
T-profile which has 11 data points below 6.km and 41 more
up to the top of the atmosphere, representé the aménded

temperature sounding to replace the TRIS inverted profile.
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5.0 DISCUSSION OF RESULTS

The computer simulation attuned to IRIS radiance eignaiﬁﬂ
fuhctione generated an extensive output of which a smeller
selection willtbe discussed here. Tﬁc different:prograﬁs
- were utilized to create outputs, i.e., (1) the "FLUXOUT' pro-
gram (henceforth called the F/0- Model) Whlch 51mulated for
the‘partlcular_days and hcurs of the Marlner $ IRIS scans
the speectral upward Flux originating'ut_the_surface:aud-Sl
atmospheric layers, and (2) the high tiﬁenreeclution radi-
ative- conductlve-convectlve heat transfer model- (henceforth
called the RCC-Model) which generated the balanced dlurnal
cycle with tlme ~-steps from 3 to 10 minutes.

Planetary radiation transfer_underdustefree'conditicns
is easily discussed by utilizing the Plahckatefan4Boltzmann

law of black radiation in the form given by ‘equation (3) and

the plot in Fig. 1. The Tu-depeﬁdence cleerly indicates the

hlgh degree of sen51t1v1ty to temperature changes held by
the upwardly dlrected radiative flux. "The: surface temperanh
ture essentlally controls the general shape of the spectral_L
flux curve out51de the llmlts of . the CO absorptlon band '
.near 657 om 1. | |

Concerning dust-laden conditions, the particular IRIS
scan of Dec. 3, 1971 at 16.23 Local Martian Solar Tihe o

(LMST) is chosen for discussion. Table 1 presents,the basic .
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MARTIAN ATMOSPHERE RAD*COND*CONV HEAT TRANSFER
| STMULATION |
BASIC PARAMETERS

Initial Time 16.23 Local Mertian Solar Time
Number of Time Steps 288

Timestep Interval lo min {Martian)
Surface Albedo .3 o - SN
Soll Density ' S
" Soil Conductivity 6,27 E 03
Soil Heat Capacity 1,003 E_O?
Surface Emlssivity 1,000

Gozagas conduotivity 1.}30 E 03

iatitude ' -h2f3l

- Declination of sun ~20,370
Duratlon of sunshine 878,03 min (Martian)

Retio of Mean/Actual ,
solar distanoce 1,0655

1 Martian solar day - 24 Martian hours - 1440 Martian min

all units in cgs unless otherwise noted

TABLE 1
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parémeters of the scan. In Fig. 2, the spectral upward
flux at the top of the atmosphere is-presented as a func-
tion of wave-number. The attuned F/O-Model generated an
output relatively close to the IRIS signellfunction. |
-Since the inverted IRIS temperature souhding is used as
'1nput ‘the plot. demonstrates the capability of the F/0-
Model to reproduce the 51gna1 functlon under dust laden
condltlons. The applled dust extlnctlon functlon reaéei
EP(I) = 5.8646E-8#EXPF (-4.E-9#Z(I)* Z(I)).

(See eqg. (UW)). | |

As shown in Fig. 3, the ground emission isthe pre— o
~dominant feature among‘the_atmospheric and'ground‘flux com- -
ponents except for thercozuabgerption band near 667_cm-1.
Aftention is called to the wings of the band. While the
ground flux is diminishing, the atmospheric layer contri-
butions take over at a higheﬁ thermal,ievel. In the center
of the band,.no-ground flux,is regisferedlatfthe top.of the
atmesphere. This behavior of atmosPheric-attenuation of the
ground emission is demonstrated in Fig. 4, which presents
the atmospheric transparency as a functlon of wave-number.

The dust extinction coefficient in cm T is plotted in
‘Fig. 5. Curve A represents the chosen Z%-profile whereas
curve B is a profile structured in accordance withuan'analj-
tical expression given by Conrath (19745. Althoughrfhe twe

profiles appear different, they do not generafe any"
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appreciabie difference in upward flux components and
transparency. It is the numerical value of the profile
émplitude at the ground which counts. |

In Figs. 6 - 10, the results of a seéond phase of
simulétion are discussed. In this phase, an improved‘
-temperature stratification was derived to be used as the
particular T-sounding input for the F/O;Model."The
- optimal temperature modifier proved to be T(IAS) = T(IAS) -
T(IAS)/10. * (1 - Z(IAS)/15000.) which was applied to the
interim T-profile generated by the RCC-Model in the balance
of-diurnal'cycle.. |

The particuiar dust extiﬁction'funétion for.thé second

phase of simulation has 1.5 x 10~ em ' as its amplitude

value EF(52) with A being'l.fi ® ZI.fJ—9 mz. The height of
the dust layer is optimized to 40 km (See Fig. 9). At this
level, the dust extinction coefficient is still about 18% .
of that near the surface. furthermore, the*Gaussian-f
structure of the curve more realistically models the effect
of convective mixing on the vertical dust transport.
Convection appears to be activated between mid—morning'aﬁd
early afternoon. Thus, one can expect a rather constant
vertical dust distribution in the lowest 5 - 7 km. If,:.
there is no dust, convective overturn extends up to 13 km _

for the particular values of time of the Martian year and

latitude given by the IRIS scan.
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As an additional phenomenon in the second simulation -
" phase, an 8-km deep convective_layef appears near the top.
of the dust "table" (40 km).' As a matter of fact, this
layer persisted longef than that near fhé grouhd surface;'
Thus, an abrupt decline of dust'concentration seems to be
conducive to the generation of a free—atmospheric‘con-'- |
vection layer. This result confirms a finding presented
by Dannevik and Pallmann (1974; see Appendix).

In Fig. 7, the spectral flux components of ground
gmission and atmospheric contribufion are given pértaining
to the second simulation phase. The atﬁdspherié;trans—
parency to upward ground flux is presented in-Fig; 8.
Qutside the limits of the CO

2
totally about 22% of the short- and long-wave_radiatioﬁ

-absorption band, dust absorbs -

coming into the atmospheric layers from top and bbttom.

For the particular dust extinction coefficient, see Fig. é.
The pertinent temperature soﬁnding simulated by the

F/0-Model is shown in Fig. 10. As prévidusly stated, a
particular modifier is applied facilitating further decision~-
making in the procedure as well as deVeloping;fhat kind.of
T-sounding which is judgéd to improve on the IRIS dinverted
'temperature profile in the presence of dust: ‘I{‘is‘thought
that the thin solid curve represents such an improvemeﬁt

for the particular date and hour. For comparison, the

inverted IRIS sounding (dashed curve) and the simulated
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profile for dust-free coﬁditions (starreé_curve) are.given.-
The mathematical inversion technique fails to bring out
any surface temperature inversion which amounts to about
lS?K for the modeled profile (solid curve). The spatial
resolution of the inverted profile.is about 6 km near the -
surface (Conrath, 1972: Pear;, 1974), whereas therpreéént
technique offers 11 data points within this height-intérval.'
Also, the modificatidn,by dust in the vertical redistri-
bufion of heat by pradiative and convective transports waé
not built into the inversion mefhod. N |

A fewlpreliminary results of a third simulation phase
are offered. This phase deals with'improving the RCC-Model._
The particular refinements are: (1) a 5% diffuse'refledtion-
capability for each of 5 layers (1600 m thick) from the top
of the dust "table”™ on down; (2) a weakeb dust extinction,
i.e., EP(I) = SE-7% EXPF(-1.11 E-9 % Z(I) % Z(I)); (3) a
sand surface albedo of 0.3; (4) a ldﬁg-waﬁe-emissivity of
O.Q at the sand surface (Hellespontus); and (5) the temper-
ature profile of Fig. 10 (solid curve) as input. A diufnai
cycle balance was achieved. o , |

In Fig._ll, the RCC-Model generated spectral:flukrcom-:
ponents are given for the same date as»beforeJ Although
some improvement was achieved, the ground emission is still
too large. However, the direction in which furthér refine-

ment has to go is quite clear. The dust extinction function
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of Fig. 12 applied in the RCC*Model_ié a result found
after several simulative steps were undertaken. It appears
that higher dust concentrations produce an intense warming
in the atmosphere between 5 and 25 km. |

The RCC-Model generated T~soundings are examplified in
Fig. 13. Trom a compérisonibetween various profiles of
the same date, it is evident that the refinements perfdrmed
in the third simulation phase.are very promisihg. Mostlyl
the ground-atﬁosphere interface ﬁhysics needs additional‘
attention. Tt is concluded that the F/0-Model-and RCC-
Model-generated temperature profiles render a sufficient

basis for reinterpreting the .IRIS inverted T-soundings.
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Fig. 12: RCC-Model dust extinction coefficient in cmnl
vs. height Z in 102
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6.0 SUMMARY OF FINDINGS

As discussed in sections 2.0, 3.0, and 4.U, a previously

developed model was refined and attuned to Mariner 9 IRIS

radiance data. Extensive outputs were generated by -the attuned

model establishing an adequate basis to formulate inferences.

into the degree of representativeness of IRIS inverted tempera-

ture soundings. Some of the more basic results developed by

means of systematic numerical experiments with the model are:.

(1)

€2)

In the presence of iittle dust within the -
ﬁid-latitudinal Martian atmosphefe,‘strong-

1ine radiative communication from the groﬁnd,
supported by convective-conductive heat trans-
fer, generates a thermal structure in the lowest
8-13 km, which is highly dependent on the hour
of the day. The diurnal temperatufe oscillation

at the ground is about 110°K'énd at 10 km still

.¢lose to 15°K.

Under the same condition as in (1), weak-line

. padiative communication by the ground reaches be-

yond 25 km maintaining_a_diurnalT—oéciilation'
of several degrees. There is some heat exchange
with outer space. Thé uppermost regimé (40-50 km)
is under thé predominant control of the_upper., 

boundary;
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(3) 1If fhe atmosphere sustaiﬁs an opticaliy-thick,
dust layer, strong-line rédiative transfer
.supported by éonvection‘produces greater
thermal variations only in the lowest 4-6 km.

The diurnal temperature oscillation af the
ground is about 90°K.

(%) In the presence of thick dust, weak-line radi-
ative communication between ground and atmos-
phere causes intense heating from 5-25 km. At
the top of the dust layer a several km thick
convective layer is generated if dust concentra-
tion decreases rapidly at the "top". - Tt will
last for several hour;';

(5) Mid-latitudinal IRIS inverted temperature
soundihg for the dust-laden phase of'the Mariner 9
mission deviate from the fine structure of the |
T-profile, especially in the lowest‘ﬁ km;‘produced_
by the attuned F/O- and RCC-Models. Tt is con-
.cluded_that lack of spatial resolving powef and
insensitivity to time-dependence, iﬁherent in the
IRIS inversion technique and the mode of méasuremént,
introduce in the inverted profiles a;discrepancy
which-may be overcome by adopting some of thelpfem

sented findings.
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Abstract

A numerlcal SLmulatlon of radlatlve, conductive, and
convective heat transfer of the Martian dust-laden atmos-
phere-scll system is Dresented with particular emphasis -
given to heatlng/coollng in regions of sharp variation in
temperature or absorption and its resultant impact on out-

going planetary spectral radiance, as measured by the
Mariner 9 IRIS. Thermal coupling between the ground and

atmospheric subsystems is modeled by the total heat flux
balance at the interface. In the simulation procedure,

local thermodynamic equilibrium (LTE) is assumed, and a
combined strong-weak line transmission function permits
short- and long-range exchanges of energy frem the surface . -
toward space. Direct absorption of insolation in the near-
IR bands by both silicate dust and CO, is incorporated.

The thermal coupling appears as a boundary—lnltlal value.
problem which has been solved through forward-time inte- -
gratlon in 15-minute steps. The input data base stems from -
various experiments flown on Mariner 9. Results of interest -
are: (1) atmospheric counter-radiation is increased by more
than 50% in the presence of dust, (2) tropospnerlc convective
mixing is confined to the lowest 5 km, (3) quasi-isothermal
stratification results in the upper part of the dust layer
during the period of intense solar heating, (%) a highly
effective radiation-convection layer exists at the top of the
dust stratum with a diurnal temperature variation of 40 K.



Zusammeénfassung

Eine numerlsche Simulation des Ihrmetransports
durch Strahlung, Warmeleltung und Konvektion in dem
ataubgeladenen Atmosphire-Boden Svstem des Planeten
Mars wird vorgelegt die insbesondere Ewarmunp und
Abklihlung in den Berelchen scharfer Knderung der
Temperatur oder Absorption bertucksichtigt mit dem
sich daraus ergebenden Einfluss auf die aufwirts .
gerichtete, planetarische, spectrale Radianz, wie sie °
durch Mariner 9 IRIS gemessen wurde. Die thermische
Koppelung zwischen dem Boden und dem atmospharischen
System ist modellma551g gegeben durch die Bedingung
der Kontlnuztat des totalen Warmeflusses an der -
Zwischenfllche. Der Modellierungsvorgang sieht lokales
thermodynamisches Gleichgevicht (LTE) vor; eine
kombinierte Transmissionsfunktion fir starke und '
schwache Absorptionslinien erlaubt Energieaustausch uber
kurze und weite Distanzen vom Boden bis zu grossen Hohen.
Ausserdem ist direkte Absorption der Sonnenstrahlung .
im nahen Infrarot einbezogen fiir Silikatstaub und
Kohlendioxyd. Die thermische Koppelung stellt sich als
Grenz-Anfangswert Problem dar, das durch Vorwart31ntegratlon
in 15-Minuten Intervallen geldst worden ist. Die
Elngabedaten stammen von verschiedenen Experimenten, die
mit Mariner 9 geflogen wurden. ZIZrgebnisse von Interesse
sind: (1) atmosphdrische Gegenstrahlung nimmt um mehr als .
50% zu, wenn Staubd gegenwértlg ist; (2} troposphirisch-
konvektlve dlschungsvorganﬂe sind auf die untersten 5 km
beschrankt, (3) quasi-isothermische Schichtung ergibt sich
im oberen Teil der Staubschicht wlhrend der Zeitspanne
intensiver solarer Erwarmung, {(4) eine Schicht hochwirksamer
Strahlungsdivergenz und Konvektion ex1stlert an der
Obergrenze der Staubschlcht die eine ganztadlge Temperatur-
schwankung von etwa 40°k aufwelsu. :



1. Introduction | .

The globai extent'of sand ~like dry SOll maueflal on WavsA
permlts the surface temperature fleld to resuond ranldly to
-changes of largely unattenuated 1nsolat10n, w1th the mld—
latltudlnal dlurnal variatlon bewnan:70K. In addltlon, the.
predgmlnance-of €0, and relative tenuitv-of'the Martian
atmosphere result in a large radiative response canablllty,
therefore, a 51gn1f1cant dlurnal tHernal boundary layer 15.
1nduced even if convactlon were absent._ Analys1s of radiativé
relaxation tlmes for Mars. (Goodv and Belton,\1957) 1nd1cates
a characterlstlc depth of 1.6 km for the dlu;nal temperature-
wave. The latter study also shows that molecular conduction

may be an 1mnortant transfer moc anism Fo“ thermal pe“

turbations of spatial scale-<0(¢0ﬂ)

The purpcse of this note is to preseni aome first findings"“
of a numerical modeling developed to (1) investicate the
thermal coupling of the Martlan atmospheric and soil- sub—_
'systems, and the resultant dlurnal temnerature varlatlon in
the lowest scale-heights of the atnosphere and (2) develon
scme criteria for ‘the 1nterpretaL10n, under the condltlon of

atmospheric dust leading, of Marinper 9 IRIS 1nverted data.

The design of the numerlcal model ceoa*ts in several
essential ways from that emploved by Gierasch and Goody (13587
1268). In the latter model, a "trapozoidal rule" wag used to

- approximate the exchancoe integral for planetary radiztive



heating, correctly accountino foé'fne boundary terms

while representing the contrlbuglon from Varlous atmos-

. pherlc source layers with en1331on terms evaluated at -?
two discrete points which are sonetames far apart._ Thls
approx;matlon enphasizes the ong-range exchanwe but
eliminates the effects of short- oath, strong- llne radlatlve
transfers. On the other hand a strong-line approx1matlon
to the transm1551on function was used throughout.- A bulk
transm1551on for the 15ﬁ C02 band was utlllzed W1thout
tenperature dependence in either the Lntearated llne 1n-e
tensity or Lorentz half-width. Asg Gierasoh and Goody have
pointed out, therresulting model 1S not effectlve for
phenomena 1nvolv1nc small length scales,‘such as radlatlve
heating/cooling near a ??ngQVOE_ShaPP variation in tempera—

ture or absorption.

It is precisely the latter phenomena which are of greatest
interest in the present stndy. Ve are esnec1allv concerned |
with (1) the diurnai histofy of ghernal structune near:the
soil-atmospheric interfaoe and the ektremities of a suspended-
dust layer, and with (2) the impact of rela+1vely emallmscale
temperature varlatlon on the outzoing planetary'speetral
radiance such as would be measuwr=zd. by the Hariner‘g Infrared
Interferometer SpéctPQEEtEP-CIPL ). The nodel described in
the present paper is most effective for Study cf variations
in heat exchange and thermal stricture in the'free—atmosphenic
layers above the daytime conveotiﬁe'boundafy layer,‘and in

the near-surface repgions when the boundary laver is



stably—stratified. Expansion'of tﬁe'modél fo'account'fdf‘.
a time-dependent free-convective boundary layer Wlll be dew
scribéd in a forthcoming article. In the present paper, we
report ihese flndlngs Whlch are expected to be 1little affected

by the inclusion of the convectlve-boundary layer.

L

2.‘_Simulation.Procedure :

The atméspheric model'édopted is that of a 100% 002 atmos--
phere in local thermodynamic equiiibrium-(LTE) with olane~
parallel stratlflcatlon and negligible Doppler brcadenlng
(Pallmann, 1968; Pallmann and Dannevik, 1972). The lower
solid surface is assumed horizontal and - of silicafe cqmpositiéh}
The effect on heat exchange of dust_suspended“in the 1§west‘
scale heights is incorporated by considering. the increase of
effective radiati?e path léngfgpinducedrby.multiple‘scatférinv
-and the additional direct absorptlon by the dust partlculates

themselves.

From dynamical'scaling considerationS‘and radiativé re- -
laxation time estimates, Gierasch and Goody (1959) have in--
fﬂrred that in the first approx1ﬂaLlon, temperatuﬂo chanae
due to advection by the mean wind ¢1e1d may be neglected- com;r
pared with that due to radiative,.molecular*conuuctive, and.
turbulent-convective transvort. Thus, the atmoSpheriéffeéponse 
to surfacse teﬁperature variation rmay bé invnstirated withoﬁt
calculatins the larﬁe scale noﬂlzonth notion _1eld (Cierasch,

1971).



Details" of the coupllna between Martlan Soll and atmospherlc:-'
temperature variation depend cruc1a11y on the structure of
the CO2 absorption bands. Slnce_most‘ofrthe 1%3.-band‘
absorbs strongly even under the reduced-surface rreSSure
conditions of Mars (5'6 mb), a portion of the counllna will
occur through the near—surface layvers. _Strong-l;ne radiative
transfer will approximate a diffusion process in these layers,'
augmented by tﬁe.conductive-convective~heat trahsports iﬁduced
by large témperature-gradients.l On the other hand, spectra?
"gappiness" and weak- llne transn1551on, each enhanced by
atmospherlc tenuity, w111 permit some long range exchange of
energy from the surface to several scale helchts and towara
space (Drayson, 1872). ThlS 1onfrer—range exchaﬁpe aDpPOYl--

mates a Hewtonian cooling (Kuo 1898 Schlrchtlnr, 1960)

Several factors serve to corollcate tﬁe 1nteprated radl—:'
atlve—conductlve-convect1ve exchan?e process. Arona these are
direct absorptlon of 1nsolatwor in the _near- IQ ”02 bands, the"
presence of spectral lines of 1ntermed1ate 1nten51ty, sub-
stantlal variations in gas klnetlc propertles alc:u’vr the radiﬂ__'
ative path length, and the presence of dust-aeroscl. in'the:
troposphere. Oﬁe of the effects éf the latter is to.increésel o
gaseous absorption, since multiple_scattering,resulfs'in a
longer effective radiative path length; In addition, the dust'
oarticulates may directly absorh hoth c:oJ‘:-rr' and planetary

radiation.



At the 501l-atmosphere 1nter;ace; a dlscontlnulty 1n
: phy31co~opt1ca1 properties occurs, although on a phy51qa1
basis we nay still expect the resultant net flux of héat
' to remain contlnuous aACross the‘lnterface. The net héatlflux -

a

includes contributions from short- and long-wave radiation

énd moleculafaconductiﬁe fluyes in the 3011 and atmospﬁere.
.An add1t10na1 Dhy51cal constraint is a tendency toward a-

matching of temnerature.deter' lsd by m olecqlar conductlon
in the soil sub- system and the rad1at1ve—conduct1va tenper—

ature in the atmospheric layers.- Thls_tendency is comple—r

.mentary to the LTE condition.

In devising the simulation:?rocedure,'welhave'incorpﬁ_
rated to some extent each of.the above mentioned physical
processes into a computer model, except for turbﬁlént—
convective heatltfansoort. To accommodate the latter, the .
computer-generated temperature D“oFlles have been submltted
to 4a convective adjustment 1n the ap atn atmospherlc
region above the . constant flux laye ; he denth of this
convectlve realon has been dPtcrﬂlpea on +he ba51s of cona_

'Dlete adlabatlc mixin

Thermal coupling of the soil and atmosphere may be.
studied as a boundary-initial-valus problem throuch a
forward time integration of the annlicable heating rate

equation. In our context, this relation takes the form
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where:
Typ,C,ek temperature, density, sn,cific heat and

thermal conductivity in the atm ospnerlc
(no subscript) and soil sabsyatem (sub-

script gh) |
x,ﬁ‘ . depth measured from tcp of atmosphere
. Xg k n | soll-atmosphere 1nterfac= level
x4 o | lowest level considered in soil subsysten

arccoé(u)- solar zenith angle at tlme t o

y
S

mass absorption ccefflclent at frequency v o

Ky

By ) specific Intensity of blackbody enission

G, .upwardly—dlrected spec111c ;nten51ty at
the interface leval dus toc thermal emis-
sion or diffuse reflection of solar irradi- -
ation : ‘ _ o

Sy - spectral solar radiation at tho ‘actual

Sun-HMars distance

b diffusivity factor,



The functions. T,p Ky, and B, depend on depth and time,'e

while H and G depend on tlme.
Continuity of the tofal net flux of heat at the
interface requires that - R . k
Fn(xs-O,t) -’Fn(xs+0;t) = 0. = (2)

in terms of the relevant conponent fluxes, this v-e-=
lation represents an internal boundary condition for
the level xs._ : o B

= X0

- - | S SR
-23[];u(E,t)exp(—e[;xuds)vadzdu - ceTg(xsfo;t).+ -

a © “ .
o«  xro R o
Qile'GS)"Svco)exP(‘ px“dsfi)dv'— k%% + ksgzs.= Q, .
C ’ e '
X = Xg, t20. : g ‘ fi,-" S ”1(35)2“

Hefe, d, €& and ag repreeent,the Stefen-Boltzmannr
constant, IR-emissivity, and surface albedo. _Match—
ing of temperature at the interface is expressed as

k'T(xS;o,t) = T(xg+0,t). . ; 37 (3b) .

'In (1) and (3a), it is assumed tnat no phase changes

of 002 occur.



The upper boundary condition at an eleﬁatioh of 50 kmjg'-
(x=0) 1s set as vanishing incoming thermal radiation and

_ constant temperature.a Finally, the 1ower boundary condition'

at x=x4 is that of constant temperature.

A quasi—random model using the band parameters of | .

| Prabhakara and Hogan (1965) has been chosen for the. trans—'l'
mission functions appearing in (1a} and (3a), and. a weak-.orr
strong—line,limit is employed,_based on the magnitude of
radiative path length pertinent to,akgifen spectfal and.
geometric intefval. Frequeney inﬁegraﬁion is perfarmed[overj
62 intervals embracincathe»l-sp and 12413P vibratioh—rotation :
bands. In those atmospheric strata assuned dust—laden the
gaseous transmlssion is reduced by a factor exp(- -Bgax}, wnefe
Bg 1s an "effective absorption" coefficlent due to dust, and -
Ax 1is the thickness oflthe layer.a The cumulative fraction o
of irradiated solar energy flux which 1s contained in the
modé}ed CJds near~IR bands constitutes about 9% of the total i
insoiation. With g = 0. 1Jan“1 and the total depth of the_a
dust layer being 30 km the model taus produces approximately
an additional 9%-attenuation of the vnrtlcal sola; radiation, 
which is converted 1nto heat within the dust layer. Gierasch'
and Goody (1972) utilized a lom-auteauatlon uader erey ab-

sorption.



To‘acdomodéte the 1nhomogeheityofitempérature,ﬂ
preséure; and density, the transmission5functioh'foﬁ-aﬁ‘
gxteﬁded path is approxima;ed by a produ¢t 6f fransﬁiésidnf‘
functions taken over a number of interveﬁing suS 1ayéré,'
within each of which the gas-kinetlc. properties do not vary.
appreciably. The dependence of line’ intensity and Lorentz
half-width on temnerature and effective pressure is 1ncluded

in the calculation of individual 1ayer transmission functions.J'

The integrals over depth in (1a) and’ (3a) must be eval—i

' uated by numerical cuadrature. In vieu of spectral c"atpr.rzlness’.
in the absorption smectrun and inclusion of molecular therﬂal
conduction in the heating-rate eguation,-we;anticipate-a y
relatively complex structure of‘thé vertical temperaﬁure bro;
file iﬁ&the boundary-layef.')A 52—poiﬁt qﬁadrature'formula
has-been adoéted with T'poiﬁté distfibutéd.in'the'loweét.
km and generally a 1 km spacing in the reclon between 1

and 50 km. This resoluticn restrlcts‘the relatlve variation
of Planck function to 2 3% in a ~iven 1ayer, under rep- |
-resentative conditions. The' sane soacinc is used to conmfl
struct finite difference approximations to the spatial
_derivatives\in_(la); while a 2-cm increment is used in the

sall sub-systemn.



From the estimates of Goody and Belton (1967), the
characterlstic time for relaxatlon of thermal perturbations
having scales of the order of several meters is in the range .
of 103'sec for the Martian troposphere. - On these physical
.grounds, we may Infer that a computational time 1ncrement
of similar size is requlred to adequately resolve in time‘

i the propagation of temperature haves in the near-surface
region. A 15-minute time step was used for all calculations o

discussed in this note,

The computatlonal procedure begins With calculation of
transmission. funections, solar spectral irradience, and
atmospheric spectral emission corresponolng to. the initial
time and temperature distribution. These quantities are.

" then combined to form the total (radiative + conductive)
heating/cooling function represented on the rlght-hand—'
side of (la). Flux components in (3a7 are then computed
and this relation and (1b) are solved'for the 3011 tem-;d
perature field for the end of the first timestep. Then,'
(12) 1s solved for the new atnospnerlc temoerature field
using (3b) as the lower boundary condltlon., The new-soil-
atmosphere temperature profile is then used as 1nput for
the next tinestep, and new solar spectral 1rrad1ances are

ealculated for the advanced local tioe. In this manner,



the procedure continues through the'totalﬁinterval'of

. time desired for the siﬁulation.

Numerical values for physico—optical properties of the\fit
simulated 5011 material were derived throuvh an 1ndependent
parametric study, in which the JPL (1968) thermal inertia
values were adjusted until calculated diurnal surface
temperature variation matched that suggested by recent
Mariner radiometric scans. Raw spectral solar radiationll:
edata are those reported by‘Robinson (1965),'adjusted to the'

Martian season and latitude relevant to a viven 51mu1ation.

The initial atmospheric sou“dins data are oeriveo from

preliminary Mariner 9 IRIS inversion profiles kindly

furnished by Drs. Hanel and Pearl of the Goddard Space rlight o

Center, and correspond to 1900 local Martian tinme (LﬂT),
latitude 3893, and solar declination -23° (Southern heni-._,f"’

sphere summer), - ,tr‘.f' Q”
3. Some results snd preliminary interpretation '

Numerical output of the model for each tinestep basi--r
cally consists of the thermal structure betheed the levels
of 60 em soil depth ‘and 50 km atmospheric height, radiatlve
fluxes of solar, atmospheriec, and surface origin in each of

62 wave number intervals between 1.29 and 18.02y, and the
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" radiative and molecular—conductlve heatlnd/coollng rates
at each computatlonal level, | Qesults presented here ars
_based_on two simulations, each renresenglng an 1nterva1

of 2H'Haftian houré. The flrst case, de51pnated "dust-
free", utlllzes as initial data the Jarlnar 9 IRIS 1n—'
‘ver31on profile (Hanel et - al., 1872) nentlonea Drev1ou;ly,‘
with a startlng time of 1900 LMT. The second case useS"
an identiecal 1n1t1al soundlng and startlnc tlne, but
1nc1udes a simulated cround-based dust layer of 30 km

thlckness, thlS case w111 be termed “dust laden"

Slnce over tﬁe nlght ~time hours tHe radlatlve con-
ductive model is thernally d1551nat1ve, mlncr lrcon— |
31stenc1eqrbetween the arb tra¢y subsozﬁ and surFace temnera—.
ture and the atﬁosnherlc sounding tend to dlssaupear with
tlme,-ao that by sunrise, the entire tennerature proflle

is thernally "1n1t1allzed“i

i Fig. 1 depicts modeled atmospherlc ‘soundings for 0500
and 1500 LMT for each simulation. Ulth regard to the dust—
free case, three ba51c reglnes are PVldent The lowest
regime, from the surface to about 5 kn,'lncludes tﬁose
'atmospheriC'stPata dominated. by StPOnU lﬂpe, snortkoatn,

diffusion- like radlatlve and convectlvn exchange associated

with soil surface tenperature variation. The ragime between
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5 and 31 km is "in communication” wifh éuffaée tempera;_
ture variatioh ﬁrimarily through'weak-lihe exch&nge, bﬁt
- also undergoes direct&solar3heafinv”aﬁd weak-line lbsses
to outer space.' The regime above 31 km 15 dom1na;ed by the‘i}
‘upper boundary condltlons, i.e., dlrect solar Heatln? and :
emission to outer space, and 1s affected little by 5011

surface temperature vquatlon, Wthh lags solar forglnglby

roughly 4% hours.

:SOundings from fhé dﬁéf—laden case'eyhibif'éséential
:'dlfferences from those of the dust free 51nulatlon prlmar« :
11y in the middle regime (5-31 kﬁ Dlacement of the toD of
the ‘simulated dust layer at about the same level as the -
upper boundrof‘thg middle rezime for the dust-free case is
coincidental). Over the daylight ﬁours, tﬁis region
approaches én:isothermal stratifiéation, in agréeménf with
recent tlariner 9 findings showing a-teﬁdéncy towérds this
structure in the dust-laden m1581on§phases. The. top of the

dust layer acts as an effectlve radlatlon surface",,slmllar

to its radlatlve responsge . to the'sdlid soil surface. Uiurnal S

. temperature variation at the ton of the dust. layer is nearly L
'50% of the anulltudL of surface temperature variation. Thus,

the upper regime (above m 31 km) reacts to this effective

radiation table in the same way that the lowest regime acts. .

to surface temperature variation in the dust-free case. In



.particular,lthe radiation table induces a statlcally un-

stable stratlflcatlon at the top of the dust laynr 1n the -

‘afternoon hours.- The ‘lapse rate of the’ layer was subse—

quently ad]usted to the adlabatlc value to reflect_cgnvectiVe.]

mixing. i

The Marlner 9 IQIS prctlle wés derlved by 1nvert1na
the IRIS radlance measurements obtalned durlnv‘a dust laden
mission phase, to ganerate a temperatuﬂe proflle assumlng.'
~ a dust-free atmosphere. This 1n1t1al tenoerature Droflle
approximates a smoothed version of the modeled 11600 LMT
output for the dust- laden 51mulatlon, W1th decrea51nd fldellty.
towards the surface. TFurther study is requlred to deterrlne

to what extent thls result is comnclcontal or 31cn ficant.:

As indicated on the rlght-nand 51de of Flg. l ~the dust-~-
laden Droflle at 0500 LWT 15 warmer than the dust free in.
the lowest 800 m, an 1nd1catlon of the 1nsu1atlnﬂ effect of _t;

o

the dust blanket Peeplna surface temoerature sllgntly hlwher f
1A the nocturnal houﬂs. Howevar, 1; the bulk of the dust
~layer, a cooling has occurred by 0500 LMT whlch is sub- =
stantlally larger than in the dust- Free case. Thié.is théughtﬂt
to be attrlbutable to the adopted."grey—body‘ ﬂﬂlSSlon of |

the dust particles,7which results in more phoLona generated

in spectral intervals outside the LOZ absorptlon banqs.
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Atmospheric and subsoil temperature profiles,ih the
lavers near the interface arelahown in Fig._?,.fof tﬁe'dust;'
frea case. Thé eariy-mo ~ning atnospherlc proFlles e?hlblt
dlffu31onl1Pe heat transport characterlstlcs, ‘due to the dua’
actlon of strong -line radlatlve and nolecular;conductlve
transfer. . An effect1Ve radlatﬁve conductive dlfqulVlty"
-may. be estlmated by L / where L ana T are the character;stig 3
1ength and time scales of the Diffusion" pracesa. VThis | |
.dlfoSlVltV is found to be ~ f-x‘lus ch sec—l, on‘the'baéisa
of data renresepted in Pig. 2. . Thisncompares-weii wifh_“

Gierasch and Goody's (1988)‘é¢aling estimateaof‘105_cm21"

sec™!, and is similar in order—of—magnitudé to. a ffee;
couvectlve eddv diffusivity under 11d1y-unstablﬂ cond1t30hs.
It also tends to corroborate Goody and Lelton s (1967)
estimate that the time for :elaxation‘of thermal perturba-

tions by radiation and mild turbulent convection should be

comparable for a perturbation length scale of”hundreds‘of
meters. 7
K
Each of the varlous heat flux components actlnc at the

*

soil-atmos Dhnre interface are shown as a- runctlon of the

time 6f the day in Fig. 3. Tﬁe iwlted compu tational résolua'
tion in the atmOSpheric,surface boundary layer-cannot praduce
temperature gradients steep ecnouch to model realistiéal1y

the removal of heat from the interface by aLﬂOSDPPPlC can-
duction. fiowever, the HLT curve in Fig. 3 indicates the

erergy surplus or deficit availa>le fo chanze the interface
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tehﬁeratere.' "Short- term oscillations of deerea51ﬁg.enp11-le
tude eV1dent in the first two hours of the 31mulatlon |
represent the dlSSlpatlve smoothﬂnc of lncon51sten01es 1n
the arbltrary 1n1t1al temoeratu“e dlstrlbutlon 1n the 1nterw"
_face and’ sub501l layers.“ | | | |

The fact that the model does not renroduce the 1n1t1a1
flux values after 24 hours can be traced to at least two .
‘poss1ble causes. One cause related to 1lnl+ed convutatlonal
resolutlon has been dlscussed in the prevmous pa“agraph ‘A_-
second pOSSlble cause is that the i 1t1a1 atﬂoanherlc tempera—n
ture proflle may not be representat*ve of the 1ocal tlwe and
‘season relevant to the IRIS measuren ent on: whch the 1nverted
sounding is bésed;“_¢be prellnlnaﬂy ”aﬂlne“ 9 sounding whleh‘
we utilize was based on an 1nveP51qn-metﬁod whicﬁ aesumeeea-

dust-free atmosphere.

Molecular-conductive heat flux in the 5011 haterlal is a

~

significant fraction of thelnet flux_avallable for temperatu:e |

changes, at all times during the 24 hr simulated period. The
conductlve flux reaches a maximum about 1. 5 hours bpfore local'
noon, in agreement with meaeurements under.comparable

terrestrial physical settings (Sellers, 1965),

Atmospherie counter-radiatien varies little over the
diurnal cycle. Since the concentration distribution of radia--
tively-active gases remains constant in the model, any .

temporal variatien in counter-radiation can he traced directly
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to varlatlons in the temperature dlstrlbutlon, for the dust-;
‘ free case. The eddltlon of a 31nulated dust 1ayer—resu1ts
in an 1ncreased counter—radlatlon for all times of . the day,
as eV1denced in Fig. 3, Thls phenoneron accounts for a -

hlgher mlnlmun mornlng temperature of 198K for the dust 1aden

case, as compared with 193K for the dust free 31mulatlon.:_

He1ght~t1me cross-sectlons of the tenperature fleld be—
tween 4 and 18 km of altitude are shown in Flc Ha b. ”Be-e_
cause the pattern between the surface and b km is nearly un--
changed by the presence of dust :1t 1s not shown here. The
region between Y and 18 km is drastically modified by the.
dust laver durlne the dajllﬂht hours. _‘hlq reginme resoords
to dlrect solar heating and to ‘a lesser eytent to lnterface—}
temperature variation. The dust laden layers above 7 km
- develop a nearly 1sotherma1 stratlflcatlon in the afternoon -
hours, in acreement with recent ﬁarlner 9 observatlons. |

ak

Detalled 1nterpretatlon of addltlonal features in Fi '.l# w1ll=”“

. i

be presented in the near future.
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FIGURE LEGENDS

Fig.'la; Hodeled vertical temperature profiles at- 0500 .

and 1600 local Martian time (LMT), for the dust—free (solid

line) and dust-laden (dashed line) conditions. Also shown .

is the initial (1900 LMT) profile ‘obtained from inversion .
-(Hanel, et al., 1972) of Mariner 9 IRIS measurements by

assuming a dust-free atmosphere.
. .

‘Fig. 1b.  Profiles of the difference AT =‘ch- T4 in

temperature between the dust-free (subscrict c) and dust—r

laden (subscript.d) 51mu1ations, atHOSQO and 1600 LMT.

- A1l results based on follcwing:simulation parameters:a

latitude ¢ = -38°, solar declination.6-=';23°-(50uthern-l a

hemisphere'summer) surface albedo ag= 0. 25, surface
infrared emissivity e= ], 0, soll thermal conductivity

ksf- 2.3 x 105 erg cm -1 see~l k-1 (low—porosity silica)

and COz-gas thermal conductivity k = 1.33 X 103 erg cn -1

Fig. 2. Vertical temperature distributions in tne sub-,_;

soil and louer atmospheric layers for selected hours of
the Martian day, from the dust-freersimulation._ For

environmental parameters used, see Figs 1.



.

" Fig. 3. Diurnal hlstory of the varlous component heat
fluxes at fhe 501l—atmosphere 1nterface._ EWIS represents
;the flux of long-wave radlatlon emitted by the’ surface,"
1SC0N the molecular-conductlve heat flux in the soii'.
'materlal SOL the absorbedrlnsolatlon, ACR the absbrbedl
flux of atmospherlc counteruradlatlon and NET thé alge;
braic sum of all component heat fluxes.‘ Solld 11nes deplct
results for dust free condltlons, whlle the dashed llnesrrw
(shown for EMIS, SOL and ACR only) relate to the |
'simulated.dUSt-laden condltlons. ;Influence/pf COz—gas:
thermal conducticn-is of lesser éighifiéance-at'fhe.iﬁfer--t 

face, and curve is not shown.

Fig. %a,b. Height-time cross-sections oflthe'mbdéied_
Ltemperature field (deg. K) between'h-and-ls-km-fof (a)
dust- free, and (b) dust-~laden COndltlonS. _Apprqximate

extremal llnes are dashed.
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